Summary.
Atria from dystrophic and non-dystrophic mice were examined by light and electron microscopy. Particular attention was paid to the granularity of the specific atrial granules and the development of the Golgi apparatus. At the light microscopic level, both a decrease in number and degenerative changes were recognized in the atrial cardiocytes, which were intercalated by increased connective and adipose tissues. At the electron microscopic level, the dystrophic atrial cardiocytes showed a variety of degenerative changes and a decreased number of granules; the impaired development of the Golgi apparatuses were noticed. A quantitative analysis revealed that the number of the granules per unit area in dystrophic cardiocytes was significantly smaller in both the right and left atria, and that the relative area occupied by the Golgi fields of the dystrophic was significantly smaller in the right atrium than in non-dystrophic controls. These findings indicate that the synthesis of atrial natriuretic polypeptide (ANP) is inhibited in dystrophic mice. It is suggested that the water and electrolyte imbalance known in dystrophic cases can be accounted for by the impaired secretion of ANP in the heart.
The atrial muscle cells of the mammalian heart contain numerous membrane-limited granules which are referred to as specific atrial granules (JAMIESON and PALADE,1964) . Recent use of the protein A-gold immunocytochemical technique has made apparent the atrial natriuretic polypeptide (ANP), which possesses potent diuretic, natriuretic and vasorelaxant activities and is localized in the specific atrial granules (DE BOLD et al., 1981; CANTIN et al., 1984) . The granularity of the atrial cells has been known to alter in some experimentally induced water-electrolyte imbalances (MARTINEZ-P. and BENCOSME, 1966; CANTIN and HUET, 1973; DE BOLD, 1979) . Some investigators have pointed out that an alteration in electrolyte contents occurs in the progressive muscular dystrophic patient (BLAHD et al., 1955; EDMONDS et al., 1985) . The light and electron microscopic changes in the myocardium in muscular dystrophy have been studied by many investigators (WEISENFELD and MESSINGER, 1952; STORSTEIN and AUSTARHEIM, 1955; JAMES, 1962; FORBES and SPERELAKIS, 1972) . However, little attention has been paid to the specific atrial granules in the atria of patients with muscular dystrophy.
In this electron microscope study, we quantitatively examine the atrial granulation and the development of the Golgi apparatus, which is the intracellular machinery producing the granules, in both the right and left atria of dystrophic and non-dystrophic mice.
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MATERIALS AND METHODS
Six male dystrophic mice (C 57 BL / 6 J-dy/dy) and six male non-dystrophic mice (C 57 BL / 6 J-+/dy), all 27 days old, were used. The mice were obtained from the Central Institute of Experimental Animals (Kanagawa). The animals were killed by decapitation and their hearts were rapidly removed and processed for light and electron microscopic procedures.
Light microscopy Two male dystrophic mice and two male non-dystrophic mice were used. The right and left atria were fixed in Bouin's fixative for 24 hrs and then dehydrated through a graded alcohol series and embedded in paraffin. The sections were cut at 5 ,um, stained with hematoxylin-eosin and by Masson trichrome method according to routine procedures, and examined under a light microscope.
Electron microscopy and quantitative analysis Four male dystrophic mice and four male non-dystrophic mice were used. The right and left atria were placed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and dissected into blocks. The blocks were fixed in the same fixative for 3 hrs at 4°C and postfixed in 1% osmium tetroxide for 1.5 hrs at 4°C. These blocks were dehydrated in a graded series of acetone and embedded in Epon 812. In each group, three Epon blocks were used for sectioning. Ninety nm ultrathin sections from each block were obtained in an MT 5000 ultramicrotome using a diamond knife. These sections were stained with uranyl acetate and lead citrate.
For the quantitative study, five photographs of sections from each Epon block were taken at a magnification of 2,000 times with a JEM 100 CX Electron Microscope. The photographs were printed at a magnification of 4,600 times. The total area of the cardiocytes and the total area occupied by the Golgi fields in the cardiocytes on each photograph were measured by planimetry and all specific granules on each print were counted. The area of 1,000 ,um2 occupied by the cardiocytes was termed a unit area, and the numbers of the granules per unit area were estimated. The percentage of the area occupied by the Golgi fields in the cardiocytes was estimated. The obtained data were analyzed statistically, using a one-way analysis of variance.
RESULTS
Atria of non-dystrophic mice
Light microscopy The cardiocytes branched without any marked change in diameter. The large, oval and clear nuclei were centrally placed within the cells. Cross striations were clearly seen in the longitudinal sections, and connective tissue and capillaries were seen in the spaces between the cardiocytes (Fig. 1 ).
Electron microscopy The characteristic pattern of cross bandings, i.e., the A, I, M, H and Z bands could be identified in longitudinally sectioned cardiocytes. Intercalated discs were distinct and numerous oval mitochondria were seen in the sarcoplasmic regions near the poles of the nucleus, in the intermyofibrillar regions and in the subsarcolemmal regions. The myofibrillar surface was covered by the sarcoplasmic reticulum (Fig. 2 ). In the sarcoplasmic regions near the poles of the nucleus, well developed Golgi apparatuses and numerous specific atrial granules of varying sizes were observed. These Golgi apparatuses were composed of vacuoles, lamellae and vesicles. The Golgi vesicles often contained a moderately electron-dense material. The specific granules in the sarcoplasmic core near the nuclear poles were occasionally seen closely associated with the Golgi apparatuses.
The granules were membrane-bound spherical structures and possesed an electron dense core. Their size ranged from 100 to 350 nm in diameter (Fig.  3a) . Many granules were also found in the intermyofibrillar regions and subsarcolemmal regions (Fig. 3b) . Accumulation of the specific atrial granules in subsarcolemmal region was often observed (Fig. 3c) . No evidence of the release of the granules could be obtained. Continuous basement membranes and plasma membrane were observed adjacent to the cardiocytes; no defect of the plasma membranes could be detected (Fig .  3d) .
Atria of the dystrophic mice
Light microscopy The cardiocytes were partially replaced by connective and adipose tissues (Fig . 4a, b) . The connective tissue contained numerous collagen fibers (Fig . 4b) . Macrophages were also found in the interstitium between the cardiocytes and in the sub-endocardial connective tissue (Fig. 4c, d ). The size of the cardiocytes varied greatly , and they often showed degenerative changes in both the sarcoplasin and the nuclei . Some cardiocytes were atrophic or hypertrophic and showed a loss of striation , clumping of the cytoplasm and pyknosis (Fig. 4b, c) . Fragmentation and vacuolation of the cardiocytes were also recognized (Fig. 4b, d ). Electron microscopy The degenerative changes which occurred in the atrial cardiocytes of the dystrophic mice were not uniform. Cardiocytes showing various degenerative changes were intermingled with apparently normal cells in the same atrium. The amount of the specific granules and the development of the Golgi apparatuses in the cardiocytes varied according to the degree of degenerative change.
The disrupted alignment of the myofibrils and spherical mitochondria and numerous vacuoles, presumably resulting from the dilatation of the sarcoplasmic reticulum, was observed in the cardiocytes (Fig. 5a) . In some cardiocytes, a broad Z-band, representing a narrowed sarcomere resulting from myofibrillar hypercontraction, and numerous spherical mitochondria were observed (Fig. 5b) . Areas of myofibrillar atrophy and dilated sarcoplasmic reticulum, as well as disruption of the myofibrils, a. Note the swollen sarcoplasmic reticulum (SR). x 12,000. b. Note the separated intercalated discs (ID). x 17,000. c. The specific atrial granules and Golgi apparatus near the nucleus (N) in the same cardiocyte shown in a and b are observed to be almost normal. x 13,000 were found in some cells (Fig. 6a, b) . Numerous spherical mitochondria, dilated sarcoplasmic reticulum and piknotic nucleus were noticed in some cells (Fig. 6c) . In these cardiocytes, the Golgi apparatuses were poorly developed near the poles of the nucleus. In the intermyofibrillar and subsarcolemmal regions, the specific granules were decreased in number as compared with those of the non-dystrophic mice.
On the other hand, the sarcoplasmic reticulum was dilated and the intercalated discs were separated in some of the atrial cardiocytes (Fig, 7a, b) . In these cells, neither the development of the Golgi apparatuses near the poles of the nucleus, nor the amount of the specific granules was altered as compared with the corresponding states in the non-dystrophic mice (Fig. 7c) .
Quantitative study Because of the marked variation in the morphology of the atrial cardiocytes as mentioned in Results, a quantitative analysis was performed on the granule number per unit area and on the percentage of the area occupied by the Golgi fields in the cardiocytes, from both the dystrophic and non-dystrophic mice. Table 1 shows the estimates for the number of specific granules per unit area of the right and left atrial cardiocytes in each animal group. Neither the dystrophic nor the non-dystrophic mice showed a significant difference in the number of the granules between the right and left atria.
The dystrophic mice showed a significantly smaller mean number of the granules per unit area of cardiocytes, both right and left, than did the non-dystrophic mice. Table 2 shows the estimates for the percentage of the area occupied by the Golgi fields of the right and left atrial cardiocytes for each group of animals. With regard to the right atria, the value for the dystrophic mice was smaller than that for the non-dystrophic mice. In the left atria, however, no difference could be found between the dystrophic and non-dystrophic mice. 
DISCUSSION
TOTSUKA and WATANABE (1976) described the alteration in electrolyte metabolism in dystrophic mice which were used in the present study.
At the light microscopic level, the atrial cardiocytes in the dystrophic mice were partially replaced by connective and adipose tissues. The cells were conspicously variable in size and showed clear degenerative changes, i.e., vacuolation, fragmentation, loss of striation and either hypertrophy or atrophy. These changes are similar to the findings which NOTHACKER and NETSKY (1950) and WEISENFELD and MESSINGER (1952) observed in dystrophic ventricles. Furthermore, the present electron microscopic observation demonstrated swollen mitochondria, swollen tubules of the sarcoplasmic reticulum, hypercontracted myofibrils and partially separated intercalated discs in the atrial cardiocytes. FORBES and SPERELAKIS (1972) observed similar ultrastructural abnormalities in dystrophic ventricular cardiocytes, stating that the atrial cells were not affected, when examined by electron microscopy. In contrast to this view, our present observation demonstrated that the atrial cardiocytes as well as the ventricular cells are affected.
On the other hand, it has been known that the atrial granules are formed in the Golgi apparatus (JAMIESON and PALADE, 1964; THERON et al., 1978) and the granule contents are released to the extracellular space by exocytosis (SUGAWARA, 1987) .
The persent study showed that the atrial granulation and the development of the Golgi apparatuses in the dystrophic cardiocytes varied according to the degree of degenerative change. In general, those cardiocytes which showed marked degenerative change revealed a decreased number of granules and poorly developed Golgi apparatuses. Our quantitative study revealed that the number of the specific granules per unit area of the cardiocytes was decreased in the dystrophic cardiocytes of both the right and left atria. The percentage of the area occupied by the Golgi fields of the dystrophic atria was smaller than that for non-dystrophic mice.
Two possibilities may account for the decreased number of specific granules in the dystrophic atria: 1) The synthesis of ANP and the formation of the granules are inhibited; 2) Release of the polypeptide is accelerated as compared with their synthesis Table 2 .
Percentage of the area occupied by the Golgi fields in the right and left atria from dystrophic and non-dystrophic mice and the stored granules are decreased. As mentioned in Results, the degenerative changes and poorly developed Golgi apparatuses in the dystrophic atrial cardiocytes are regarded as indications of an impaired cell function. It seems thus reasonable to presume that these abnormalities are associated with the suppressed synthesis of ANP and consequently, a decline in the secretion of the polypeptide. Furthermore, if one takes into account the fact that the cardiocytes themselves are decreased in number and amount, the total amount of ANP within both atria may be even lower in the dystrophic cases than is apparent from the results of the quantitative analysis.
The impaired ANP synthesis is believed to cause a change in water and electrolyte balance in the dystrophic mice. Several investigators (BLAND et al., 1955 ; EDMONDS et al., 1985; JACKSON et al., 1985) reported an alteration of electrolyte metabolism in muscular dystrophic patients, and mentioned that this change results mainly from the degeneration of skeletal muscles. Little attention has been given to the synthesis of ANP in the cardiac muscle. The present study strongly suggests that inhibited secretion of ANP from the heart of the dystrophic mice must cause a water and electrolyte imbalance in these animals.
